Comparative phylogenetics has been largely lacking a method for reconstructing the evolution of phenotypic entities that consist of ensembles of multiple discrete traits -entire organismal anatomies or organismal body regions. In this study, we provide a new approach named PARAMO (Phylogenetic Ancestral Reconstruction of Anatomy by Mapping Ontologies) that appropriately models anatomical dependencies and uses ontology-informed amalgamation of stochastic maps to reconstruct phenotypic evolution at different levels of anatomical hierarchy including entire phenotypes. This approach provides new opportunities for tracking phenotypic radiations and evolution of organismal anatomies. 16 17 18 19 20 21 22 31
INTRODUCTION 23
Ancestral character state reconstruction has been long used to gain insight into the evolution of 24 individual traits in organisms (Pagel, 1999) . However, organismal anatomies (= entire phenotypes) are not 25 merely ensembles of individual traits, rather they are complex systems where traits interact with each other 26 due to anatomical dependencies and developmental constraints. Individual trait approaches substantially 27 simplify the full picture of phenotypic evolution by reducing it to only a single feature at a time, which 28 can potentially hinder the discovery of new evolutionary patterns or even reconstruct logically impossible 29 evolutionary scenarios. Only a handful of studies have been focused on reconstructing evolution of entire 30 phenotypes by treating them as sets of all available traits [e.g., Sauquet et al. (2017); O'leary et al. (2013) ; Their independent amalgamation, herein denoted by ⊕ (the Kronecker sum), results in the following character C 1,2 with four states:
The full formula for character amalgamation can be written as
and I C 1 are the identity matrices for C 1 and C 2 , and ⊗ denotes the Kronecker product. The amalgamated 88 character C 1,2 {00,01,10,11} is constructed by forming its states using the combinations of states from the 89 characters C 1 and C 2 . Unfortunately, the rate matrix amalgamation has a shortcoming -the number of its 90 states grows exponentially (as 2 n for n binary characters) resulting in an enormous rate matrix that makes 91 computations infeasible even if it is constructed from a few dozens of initial characters. Here, we propose 92 an approach that bypasses this issue by using stochastic maps.
93
A stochastic map (S) is a phylogenetic tree with an instance of mapped evolutionary history of a 94 character (i.e., state transitions) conditional on data at tips and a Markov model used for ancestral state 95 reconstruction (Huelsenbeck et al., 2003) . This tree is divided into segments; each segment corresponds 96 to time spent in a particular state. Thus, stochastic mapping is a function Sm that converts realization of a 97 character rate matrix C and data to the corresponding stochastic map(s) [i.e., S = Sm(C)]. Both definitions 98 of a character -using rate matrix or stochastic map(s) -are equivalent as they can be converted into each 99 other.
100
Interestingly, character amalgamation can be performed by only using stochastic maps of the initial characters. Suppose, that S 1 and S 2 are the stochastic maps obtained from the realizations of the characters C 1 and C 2 respectively. The amalgamation of the maps S 1 and S 2 implies construction of a joint stochastic map S 1,2 = S 1 ⊕ S 2 by forming new segments from the combinations of the segments in S 1 and S 2 as shown in (Fig. 1) ; the map S 1,2 defines the character C 1,2 . In other words, the stochastic mapping performed directly on character C 1,2 is identical to the amalgamation of the stochastic maps obtained for C 1 and C 2 separately:
The amalgamation using stochastic maps is computationally cheap as it avoids gigantic rate matrices and 101 can be virtually applied to any number of elementary characters in a dataset. Thus, the invariant property 102 necessary for reconstructing ancestral anatomies can be feasibly maintained. This approach of stochastic 103 map amalgamation is employed in this paper.
104
Querying characters using ontologies 105 Ontologies are graphs that describe relationships (edges) among entities (nodes) from a domain of 106 knowledge under interest. In the present study, we are specifically interested in linking morphological characters with anatomy ontologies to be able to query and retrieve all characters associated with a 108 particular ontology term. Herein, we call this query "Retrieve all characters" (RAC) and use it to 109 construct character amalgamations for the different levels of the anatomical hierarchy.
110
In an anatomy ontology, the nodes are the anatomical entities, while edges are their relationships.
111
Linking a character with an ontology, in the context employed here, means assigning a link between 112 ontology term(s) and the character's ID from a character matrix. Technically, this implies that a character Figure 2 . PARAMO pipeline. The panels A-E represent the five steps of the pipeline (see the text). E, the size of the stochastic maps S 4 -S 9 is reduced for the illustrative purpose. F, three levels of anatomical hierarchy. Abbreviations: C-character, S -stochastic map, ind. -independent character, dep. and syn.hierarchically and synchronously dependent characters respectively.
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Step 2. Incorporating anatomical dependencies: constructing amalgamations at the AD 148 level (Fig. 2B ) 149 Workflow 150
The structure of organismal anatomies imposes anatomical dependencies among traits (i.e., the pres-151 ence of digits is dependent on the presence of limbs ously, AD traits have to be coded appropriately to avoid undesirable bias and incompatible evolutionary 156 states that can negatively affect downstream analyses. The appropriate treatment of anatomical dependen- For PARAMO, character-ontology linking is straightforward methodologically and can be done
